The effects of the subthreshold visual stimuli on the sensory and cognitive mechanisms of brain were investigated using eventrelated brain potentials. The subthreshold stimuli increase event-related response amplitudes to the subsequent suprathreshold stimuli, when compared with the response to suprathreshold stimuli which were not preceded by subthreshold stimuli. The amplitude difference was particularly observed in the late P300 wave, which is well-known to be related to cognitive functions such as directed attention and context updating. The main difference between both paradigms applied is a comparison and memory updating process in the case when subthreshold stimuli were interspersed among the suprathreshold ones. Therefore, we conclude that although the subthreshold stimuli were not detected they influence comparison and memory updating processes in an unconscious manner.
Introduction
Previous results concerning the presence of electrophysiological responses to subthreshold stimuli in the brain have been contradictory. [1] [2] [3] [4] [5] [6] The debates originate from the problem of determining the sensory threshold, which can vary as a result of different subjective criteria in deciding for the presence of a stimulus. 7 Signal detection paradigm overcomes this problem by instructing the subjects to judge whether a stimulus had been presented or not within a designated interval following a warning stimulus. By using the false alarm rate, control of the subjects' decision criteria can be achieved. However, this procedure has the disadvantage of measuring brain potentials not dependent on the physical stimulus directly but related to the decision of the subject, which is more or less time-locked to the warning stimulus. Thus, it was shown that false alarm decisions and correct rejection trials can also lead to P300 waves. 8 Considering these points, we investigated the effects of subthreshold stimuli on the processing of a subsequent suprathreshold stimulus rather than directly searching for ERPs to subthreshold stimuli. An oddball-like paradigm in which suprathreshold stimuli were randomly interspersed among a series of subthreshold stimuli and a single-stimulus paradigm consisting of only the suprathreshold stimuli with the same intervals as in the oddball-like condition were used. We assumed that if subthreshold stimuli affect electrophysiological systems of the brain, then they should modulate the processing of subsequent suprathreshold stimuli. This experimental strategy was based on the studies of McCarthy 9 and Polich et al., 10, 11 in which P300 waves could be obtained both in the classical oddball condition and in a single-stimulus paradigm, where only targets but no standard stimuli were presented. In both visual and auditory modalities, the oddball P300s were larger in amplitude and longer in latency compared to those of the single-stimulus paradigm. 10, 11 If we observe an influence of subthreshold stimuli on P300 wave, this can yield additional information on the cognitive value of subthreshold stimuli and on the interpretation of P300 potential.
Materials and Methods

Subjects:
The study was performed on 10 healthy volunteers (age 28-34 years; six men, four women). Three subjects had normal and seven had corrected to normal visual functions.
Recording conditions: Subjects were seated in an armchair in a sound attenuated and electrically shielded room. Visual ERPs were recorded from 16 scalp electrodes placed on Oz, O1, O2, Pz, P3, P4, Cz, C3, C4, T3, T4, Fz, F3, F4, Fp1, Fp2 sites of the THE effects of the subthreshold visual stimuli on the electrical activity of the brain were investigated by an oddball-like paradigm and a single-stimulus paradigm. In the oddball-like paradigm, suprathreshold and subthreshold stimuli were presented randomly where the suprathreshold stimulus probability was 0.24. The singlestimulus paradigm contained only the suprathreshold stimuli and was identical to the oddball-like paradigm apart from the absence of subthreshold stimuli. Suprathreshold P3b amplitude was larger for the oddball-like than for the single-stimulus condition particularly in the centro-parietal region. This result suggests that at least one component of the P300 wave could be assigned to an automatic comparison and memory updating process which runs unconsciously.
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The effects of subthreshold visual stimulation on P300 response 10/20 system, referred to the average of both earlobes. The EOG was also monitored through the whole session. EEG signals of 1 s pre-stimulus and 1 s poststimulus periods were amplified and filtered (0.53 Hz and 30 Hz) by a 21 channel EEG device (Nihon Kohden Neurofax 4421), and digitized with a sampling rate of 256 Hz.
Stimulus presentation: A laser-based subthreshold visual stimulus presentation system was developed in our laboratory. This system permits adjustment of the duration and intensity of a laser beam in a large range with a high resolution. Light pulses with duration of 1 s to 10 min can be produced by diverting HeNe laser light at 632.8 nm wavelength by an acousto-optic modulator. The output light power can be changed between 0.05 and 3.5 mW. The short term stability of light intensity was 0.2% rms. To determine the stimulus energy, the duration was changed and intensity was kept constant at 2.5 mW, since the computer could control stimulus duration with a higher precision than stimulus intensity. The stimulus was reflected on a white surface 1.5 m away from the subject. The border length of the square stimulus was 15 cm. Subthreshold stimulus energy was determined for each subject. 7 Stimulus series consisting of 30 stimuli were presented: the subject was instructed to count mentally every detected stimulus. Stimulus energy was decreased by degrees between the series. The number of the detected stimuli decreased gradually. The energy level of the subthreshold stimuli was chosen in such a way that the number of the detected stimuli (1.6 ± 1.68) was equal to the mean false alarm rate (1.6 ± 1.28) obtained during the session where no stimulus was presented, but the subject was engaged with counting every detected stimulus. The lengths of the subthreshold stimuli ranged from 1 to 5 ms.
The longest stimulus duration where all the stimuli could be detected (one subject) was 15 ms. Regarding Bloch's law 7 on the integration of visual input, a stimulus duration of 50 ms was chosen for the suprathreshold stimulation, which is far above the energy level where all the subjects could easily detect all the stimuli.
Experimental design: An oddball-like paradigm and two single-stimulus recordings were applied with the task of counting mentally every detected stimulus, where it was especially pronounced that stimuli could be either of high or very low intensity.
For the oddball-like paradigm, subthreshold and suprathreshold stimuli were presented randomly in a design where the probability of the suprathreshold stimuli was 0.24 (52 stimuli). Since the standard stimuli were totally invisible for the subjects, the paradigm was not a classical oddball paradigm. The interstimulus intervals changed at random between 2.5 s and 4 s, with a mean of 3.3 s. The intervals between suprathreshold stimuli were variable with a mean of 14 s.
In the long interstimulus interval (ISI) single-stimulus paradigm, the stimulus set-up was identical to the oddball-like paradigm apart from the absence of subthreshold stimuli between suprathreshold stimuli, and served as a control recording for the oddball-like paradigm. In half of the subjects, the oddball-like paradigm was applied first; in the other half, the priority was given to the long ISI single-stimulus paradigm. In this way, a comparison between the two data was achieved that was free of the effects of factors such as habituation, fluctuations in attention, fatigue, etc. The subjects were told before each recording that stimuli with different intensities would appear.
In the short ISI single-stimulus paradigm, suprathreshold stimuli were applied with shorter intervals, randomly changing between 2.5 s and 4 s, with a mean of 3.3 s. As the typical visual response pattern to monochromatic red light is not well-known, it was necessary to show that the obtained late positive wave was not an exogenous component dependent on the spectral feature of the light, but a P3 wave. Because Polich et al. 10 showed that single-stimulus P3 amplitude could be scaled by changing the ISI, we tried to show the effects of ISI on this late positive wave.
Statistical evaluation:
The amplitudes and latencies of suprathreshold ERP wave components were measured. Oddball-like and long ISI single-stimulus recordings and the short and long ISI singlestimulus recordings were compared by repeated measures ANOVA designs with two factors (paradigm: two levels; and lead: four levels). The topography effects along the fronto-occipital line were analyzed by using the mean values of occipital, parietal, central and frontal leads.
Results
In both the oddball-like and long ISI single-stimulus conditions, subjects reported the number of the suprathreshold stimuli almost correctly (52.6 ± 3.95 and 52.8 ± 3.37 respectively out of 52 suprathreshold stimuli). In the oddball-like paradigm, some subjects reported that they detected additionally a few weak stimuli (2.2 ± 1.46). However, the numbers of low energy stimuli detected did not significantly differ from those in the long ISI single-stimulus recording (1.8 ± 1.24) where no subthreshold stimuli were applied between the suprathreshold stimuli.
M. Devrim, T. Demiralp and A. Kurt Averaging of the EEG sweeps following subthreshold stimuli did not yield any significant ERP waveform. The averaged ERP responses to suprathreshold stimuli showed N100, P200, N200, P3a and P3b components peaking at about 90, 140, 200, 290 and 380 ms respectively. Figure  1 shows the grand averages of ERPs in both the long and short ISI single-stimulus paradigms, in Oz, Pz, Cz and Fz regions. P3b amplitudes were significantly larger for the long compared to short ISI single-stimulus recordings (paradigm: F(9,1) = 26.9, p < 0.001). There was a topographic trend for higher amplitudes at the central and parietal leads, where occipital amplitude was the smallest (lead: F(27,3) = 2.56, p < 0.07; Fig. 2 ). For both paradigms P3a amplitude was largest in fronto-central regions and smallest in the occipital region (lead: F(27,3) = 7.37, p < 0.001). N200 amplitudes were larger for the long compared with the short ISI single-stimulus recordings in all leads except the frontal leads (paradigm: F(9,1) = 6.42, p < 0.03; paradigm ϫ lead: F(27,3) = 10.15, p < 0.001). N200 latencies in long ISI single-stimulus recordings were longer than those in short ISI single-stimulus recordings (paradigm: F(9,1) = 26.68, p < 0.001).
Comparison of the long ISI single-stimulus paradigm and the short ISI single-stimulus paradigm:
These comparative results between the long and short ISI single-stimulus recordings are in line with the results of Polich et al., 10 which verifies that the late positive wave obtained is a visual P300 component but not an exogenous visual evoked component specific to red light stimulation. Figure 3 shows the grand averages of ERPs to suprathreshold stimuli in both the oddball-like paradigm and the long ISI single-stimulus paradigm, in Oz, Pz, Cz and Fz regions. For both paradigms the largest amplitudes were in the centro-parietal regions (lead: F(27,3) = 6.26, p < 0.002). P3b amplitudes were larger for the oddball-like paradigm than for the single-stimulus paradigm (paradigm: F(9,1) = 16.41, p < 0.003). The paradigm ϫ lead interaction was also significant (paradigm ϫ lead: F(27,3) = 7.36, p < 0.001). The
Comparison of the oddball-like paradigm and the long ISI single-stimulus paradigm:
Subthreshold visual stimuli and P300 increase of the amplitudes by changing the paradigm was significant in parietal (p < 0.003) and central (p < 0.002) regions. This topographic feature and the similarity of P3b amplitude distribution for both paradigms can be observed in Fig. 2 . Although statistically non-significant, there was a tendency for the prolongation of P3b latency in the oddball-like paradigm in comparison with the single-stimulus paradigm (paradigm: F(9,1) = 2.89, p < 0.1).
For both paradigms P3a amplitudes were largest in the fronto-central regions and smallest in the occipital region (lead: F(27,3) = 5.38, p < 0.005). There were no significant effects of the paradigm and paradigm ϫ lead interaction on the P3a amplitude, and no significant effects were obtained for the latency. The N200 amplitude tended to increase in the oddball-like paradigm compared with the singlestimulus paradigm (paradigm: F(9,1) = 4.5, p < 0.063). The paradigm ϫ lead interaction was non-significant.
There were no significant effects on either the amplitudes or the latencies of the N100 and P200 waves.
Discussion
The averaging of the EEG sweeps recorded during the application of subthreshold stimuli yielded no significant ERP. This finding may be due to the lack of a response or due to the low S/N ratio of ERPs to stimuli at very low intensities and the variability of the subthreshold ERP latencies in single trials, since at lower stimulus energies ERPs are less precisely time-locked to the stimulus onset. 12 However, ERP responses to suprathreshold stimuli interspersed among a series of subthreshold stimuli (oddball-like paradigm) had larger amplitudes than those to suprathreshold stimuli presented alone (single-stimulus paradigm), particularly in the late wave components. This result indicates that the subthreshold stimuli affect the processing of a subsequent suprathreshold stimulus, and thus affect the electrophysiological response mechanisms in the brain.
The features and meaning of the late positive component, which shows the main amplitude difference between the oddball-like paradigm and the single-stimulus paradigm, was further analyzed. Polich et al. 10, 11 have demonstrated P300 ERP in both auditory and visual single-stimulus paradigms in which a target but no standard stimulus was presented, and compared its amplitude with the P300 component obtained from the target stimuli in the oddball paradigm. Larger P300 and N200 amplitudes for the oddball targets than for the targets in the single-stimulus paradigm were reported, which is in line with our findings, where a response with larger positivity at around 380 ms and negativity at around 200 ms was obtained in the oddball-like paradigm. In the present study, the late positivity had a distribution with a centroparietal maximum, which is typical for the P3b wave obtained under task relevant condition. In addition, the increase of the late positivity in the oddball-like paradigm was more evident in the centro-parietal region than in the occipital region, which is also compatible with the previous results that compared the oddball and single-stimulus P300s.
10,11 Furthermore, Polich et al. 10 showed that shortening of the ISI in the single-stimulus paradigm resulted in significant reduction of the P3 amplitude. In the present study, presenting the suprathreshold stimuli with shorter ISIs also resulted in a decrease of the amplitude of the late positive wave.
Considering these similarities to Polich's results and its centroparietal topography, it is reasonable to accept this late positive component as a visual P3b wave and to suppose that the subthreshold stimuli in the oddball-like paradigm are processed in a way similar to the standard stimuli in the oddball paradigm. It was suggested that the underlying neural and cognitive mechanisms for the production of the P300 component are the same for the oddball and single-stimulus paradigms, since the attention of the subject is allocated, and the subject updates her/his memory representations to respond to the target stimulus. 10, 11, 13 Larger P300 components for the oddball than for the single-stimulus paradigm were interpreted as a result of the requirement of greater attention allocation for the oddball than for the single-stimulus task. 11 Since in our study the subthreshold standards in the oddball-like paradigm were totally invisible, and the task was defined as counting any stimulus in both the oddball-like and single-stimulus paradigms, the larger P3b amplitudes in the oddball-like paradigm cannot be attributed to the increased attention allocation demands.
Conclusion
The only explanation for the differences we obtain in the P300 wave on the basis of the paradigmal designs used is the preconscious comparison of the memory trace of the previous subthreshold stimulus with that of the detected suprathreshold one. Therefore, we suppose that the mechanism responsible for the differences between the oddball and the single-stimulus P300 waves is mainly this comparative process and the subsequent memory updating process which possibly run automatically in the sensory memory level, where no conscious perception is necessary. Although the location and time course of this automatic comparison and memory updating process in visual modality cannot be determined by the present data, the results show that it is mainly reflected in a centroparietal component of the oddball P300 wave.
